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I.  Introduction 


Associative  ionization  is  that  type  of  chemi-ionization*  wherein 
two  atoms,  molecules  or  radicals,  A and  B,  collide  at  thermal  energies 
and  produce  a molecular  ion  in  a process  such  as 

A + B -*•  AB+  + e.  (1) 

In  order  for  the  process  to  proceed  it  is  necessary  to  provide  enough 
energy  to  remove  the  electron  from  the  neutral  AB  molecule  or  radical, 
and  this  energy  comes  from  (1)  chemical  binding  energy  of  the  AB  molecule 
and  (2)  internal  excitation  in  either  A or  B. 

Examples  of  associative  ionization  reactions  which  rely  on  internal 
excitation  have  long  been  known,  e.g.,  the  formation  of  diatomic  inert 
gas  ions  in  discharges  and  afterglows.  The  molecular  ions  formed  in 
this  situation  can  rapidly  dissociatively  recombine  with  electrons  to 
produce  the  initial  species  in  their  ground  states. 

In  contrast,  if  sufficient^ap»»qy*'for  ionization  is  provided  by 
the  formation  of  the  A-B*chemical  bond,  associative  ionization  can 
occur  between  ground  state  reactants.  Neutralization  by  dissociative 
recombination  is  energetically  forbidden  for  molecular  ions  formed 
under  these  conditions  and  the  lifetime  of  the  ions  may  be  long,  even 
in  the  presence  of  a substantial  electron  density.  Since  the  lifetime 
against  neutralization  may  be  long,  the  possibility  exists  that  the  ion, 
if  formed  in  an  excited  state,  could  radiate  even  if  the  transition  were 
in  the  infrared  region  where  excited  state  lifetimes  are  long. 
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Thus  reactants  that  undergo  associative  ionization  from  their 
ground  states  offer  a source  of  long-lived  electron  clouds  which 
can  affect  radar  signal  transmission  and  simultaneously  a source  of 
infrared  radiation  which  might  be  unwanted  background  in  any  system 
involving  IR  radiation. 

We  began  our  investigation  of  associative  ionization  reactions, 
under  an  earlier  research  contract  , by  examining  the  reactions 


U + 0 + U0+  + e 

(2) 

U + 02  -*■  U02+  + e. 

(3) 

3 

An  absolute  measurement  of  the  cross  section  for  the  latter  reaction 

provided  a benchmark  for  measuring  other  associative  ionization  cross 

sections  by  a simple  comparison  technique.  Further  study  led  to  the 

discovery  that  ground  state  associative  ionization  occurs  in  a number 

4-8 

of  metal -oxygen  systems  and  a variety  of  other  metal -gas 
249 

combinations.  ’ ’ 

Much  of  the  effort  under  the  present  contract  has  been  devoted  to 

the  study  of  various  uranium-gas  reactions.  The  observation  of 

2 

dissociative  associative  ionization  , in  particular  the  production  of 
UF2+  from  U + SF^,  suggested  that  negative  ions  might  also  be  formed  in 
some  of  these  reactions.  This  prompted  the  development  of  detection 
electronics  which  would  permit  the  observation  of  negative  ions  as  well 
as  positive  ones. 
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This  report  summarizes  the  program  as  carried  out  over  the  past 
two  years,  summarizes  the  present  situation  with  regard  to  associative 
ionization  processes,  and  suggests  the  directions  in  which  future 
research  might  profitably  move.  Included  as  appendices  are  a list  of 
associative  ionization  reactions  studied  at  Extranuclear  Laboratories,  Inc. 
and  the  University  of  Pittsburgh,  abstracts  of  papers  presented  at 
scientific  meetings  and  a preprint  of  an  article  on  ozone  associative 
ionization  with  uranium  and  thorium. 
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II.  Uranium  Associative  Ionization  With  Gases 


Much  of  the  work  performed  under  the  previous  contract  to  examine 

2 

associative  ionization  reactions  was  devoted  to  reactions  between 
atomic  and  molecular  oxygen  and  various  metals.  Reactions  were 
observed  between  uranium  and  NO,  N^O  and  SFg  producing  the  positive 
ions  UN0+,  U0+  and  UF2+,  respectively,  although  detailed  quantitative 
measurements  were  not  performed.  With  the  observation  of  dissociative 
associative  ionization  in  the  latter  two  reactions,  the  possibility 
arises  that  negative  ions  may  also  be  formed  in  associative  ionization 
reactions. 

We  first  observed  the  production  of  negative  ions  in  the  U + Br^ 
system.  Three  reaction  channels  are  observed, 

(4) 

(5) 


U + Br2  - UBr?  + e 


UBr  + Br  + e 


UBr  + Br 


(6) 


By  comparison  of  signal  intensities  in  these  reactions  with  the  U02 

signal  from  reaction  (2)  under  comparable  gas  beam  intensities,  we 

-19  2 -19 

roughly  estimate  cross  sections  of  5 x 10  cm  for  (4)  and  1 x 10 
2 

cm  for  the  sum  of  (5)  and  (6).  The  branching  ratio  betwen  t5)  and  (6) 
is  difficult  to  estimate,  but  appears  to  be  of  order  10:1.  The 
analogous  channels  are  observed  in  the  reactions  of  Cl2  with  uranium: 


U + Cl2  - UC12+  + e 

(7) 

•+  UC1+  + cl  + e 

(8) 

- UC1+  + Cl" 

(9) 
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with  roughly  estimated  cross  sections  of  10  cm"  for  (7)  and 
. -18  2 

10  cm  for  the  sum  of  (8)  and  (9).  The  branching  ratio  appears  to 
be  of  order  unity. 

Negative  ions  are  also  produced  in  tne  U + SF^  system,  where  the 
assumed  reactions  are 

U + SF4  - UF2+  + SF2(?)  + e (10) 

-*  UF2+(?)  + F"  + SF(?)  (11) 

-19  2 

The  cross  section  for  (10)  is  estimated  to  be  5 x 10”  cm  , while  the 
cross  section  for  (11)  is  so  small  as  to  preclude  even  a rough  estimate. 
The  UF2+  product  in  (11)  is  shown  as  uncertain  because  the  F"  signal  is 
sufficiently  small  that  a correspondingly  small  current  of  a heavy  ion, 
e.g.,  UF+,  might  easily  elude  detection.  The  U + SFg  system  has  a 
comparable  cross  section  for  producing  UF2+,  however  no  negative  ions 
are  observed. 

Since  the  uranium-atomic  oxygen  associative  ionization  reaction 

has  a relatively  large  cross  section,  one  might  expect  the  analogous 

2 4 3 

reaction  with  atomic  sulfur,  which  also  has  an  ns  nD  ( P)  electron 
structure,  to  occur.  To  investigate  this  possibility  an  independently 
heated  solids  vaporization  stage  was  added  to  the  existing  gas  dissocia- 
tion furnace.  With  this  two-stage  furance,  an  atomic  sulfur  beam  can  be 
produced  by  gently  vaporizing  molecular  sulfur  in  the  relatively  cool 

§ 

first  chamber  and  dissociating  the  vapor  in  the  hotter  second  chamber. 

v 
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Uranium  and  sulfur  are  found  to  associati vely  ionize,  producing  US+, 
an  appropriate  reaction  product  to  observe  during  the  United  States' 

— 1 7 lf\ 

bicentennial  celebration.  The  reaction  cross  section  ‘is  1.776  x 10  * 

2 

cm  , 50  times  smaller  than  the  analogous  U0  cross  section. 

A cursory  examination  of  the  reaction  U + S2  + US2+  + e 
yielded  a null  result.  However,  considering  beam  intensities  and  the 
ratio  of  the  0 and  02  cross  sections,  the  US2+  product  could  easily 
have  escaped  detection.  Insufficient  data  exist  on  the  dissociation 
energy  and  ionization  potential  of  US2  to  determine  whether  the  reaction 
is  even  energetically  possible. 

Several  other  uranium-gas  systems  have  also  been  investigated,  a 
number  of  which,  CHF^,  H202,  (CN)2  and  H2S,  produced  no  observable 
associative  ionization  signals.  The  results  of  these  studies  are 
included  in  Appendix  I. 
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III.  Associative  Ionization  of  Metal  Oxides  With  Atomic  Oxygen 

Qualitative  observations  have  indicated  that  certain  monoxides 
such  as  WO  may  undergo  associative  ionization  with  atomic  oxygen. 
Efforts  to  confirm  this  were  hampered  by  physical  constraints  in  the 
experimental  apparatus.  There  is  not  sufficient  space  without 
extensive  modification  of  the  apparatus  to  replace  the  simple  metal 
beam  furnace  with  a two-stage  oven  which  would  be  desirable  for 
producing  monoxide  and  dioxide  beams  from  more  highly  oxidized  metal 
powders.  Consequently  we  had  little  control  of  the  oxidation  state 
of  the  beam.  However  in  experiments  with  atomic  oxygen  and  MoO, 

MoO^,  WO^,  TiO  and  TiO^,  no  associative  ionization  products  were 
observed.  Based  on  experimental  conditions,  this  places  an  upper 
bound  of  ^ 10"  cm  on  the  cross  sections  for  associative  ionization 
in  these  systems,  if  the  reaction  occur. 
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IV. 


Ozone  Associative  Ionization  Reactions  With  Uranium  and  Thorium 


In  associative  ionization  reactions  involving  molecular  species, 

multiple  reaction  channels  are  conceivable  although  for  most  of  the 

systems  which  we  have  investigated,  insufficient  thermodynamic  data 

are  available  to  determine  which  channels,  if  any,  are  energetically 

allowed.  Ozone  is  one  of  the  few  exceptions;  thermochemical  experiments^ 

indicate  that  five  of  the  seven  possible  channels  are  energetically 

allowed  for  ozone  associative  ionization  with  both  uranium  and  thorium. 

We  have  investigated  both  the  U-O^  and  Th-O^  systems.  Only  two 

of  the  possible  channels  are  observed  in  the  uranium  reaction,  but  five 

distinct  channels  can  be  identified  with  thorium.  The  observed  reactions 

-19  Z 

are  summarized  in  Table  I.  The  cross  sections,  ranging  from  10  cm 
“16  Z 

to  10  cm  , are  tabulated  in  Appendix  I;  details  of  the  measurements 
are  described  in  Appendix  VIII. 


TABLE  I 

REACTION  CHANNELS  OBSERVED  IN  OZONE  ASSOCIATIVE 
IONIZATION  WITH  URANIUM  AMD  THORIUM 


u + o3 

Th  + °3 


-*  U02+  + 0 + e 
UO  + Op  + e 
-*■  Th03+  + e 
-v  Th02+  + 0 + e 
- Th02+  + 0“ 

->  Th0+  + 02  + e 
-*  Th0+  + 0?" 


V.  Metal-Oxygen  Associative  Ionization  Reactions 

There  are  three  possible  associative  ionization  reaction  channels 
in  a metal -molecular  oxygen  system: 


M02+  + e 

(12) 

M0+  + 0 + e 

(13) 

M0+  + 0" 

(14) 

Dr.  H.  H.  Lo  at  the  University  of  Pittsburgh  has  observed  the  production 
of  both  M02+  and  M0+  in  reactions  involving  the  metals  lanthanum  and 
cerium.1^  The  production  of  M0+  implies  that  the  negative  ion  channels, 

(14),  is  at  least  energetically  allowed,  although  the  M0+  may  be  due 
entirely  to  reaction  (13). 

We  have  invcjti  ted  the  La-O^  system  and  observe  all  three  reaction 

channels.  The  branching  ratio  between  (13)  and  (14)  is  estimated  to  be 

of  order  10:1,  yielding  a cross  section  of—  10  cm  for  (14)  with 

lanthanum.  The  cross  sections  for  reactions  (12)  and  (13)  with  lanthanum  are 
-17  2 

both  of  order  10  cm  . This  is  consistent  with  our  general  observation 
that  even  when  negative  ions  are  produced  in  a reaction,  the  free  electron 
channels  dominate. 

12 

We  have  subsequently  learned  that  Dr.  R.  B.  Cohen  and  his  co-workers 
at  the  Illinois  Institute  of  Technology  have  also  observed  O'  in  the 
La  + 0^  reaction  and  in  the  Ce  + 0^  reaction  as  well. 

Lo  and  Cohen  have  also  each  measured  cross  sections  for  a number  of 
metal-atomic  oxygen  associative  ionization  reactions.  As  a consistency 
check  on  the  different  experimental  systems  and  techniques,  we  have 
examined  the  neodynium-oxygen  and  samarium-oxygen  reactions  which  were 
studied  by  both  groups.  Using  the  previously  measured  0d  + 0 reaction 
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cross  section  for  calibration,  we  performed  direct  measurements  of  the 

Nd/Gd  and  Sm/Gd  cross  section  ratios.  Setting  the  ratios  of  the  metal 

electron  impact  ionization  cross  sections  equal  to  unity  yields  atomic 

-15  2 

oxygen  associative  ionization  cross  sections  of  2.7  x 10  cm'  for  Nd 
”16  2 

and  1.7  x 10  cnr  for  Sm.  A comparison  of  our  results  with  those  of 
Cohen  et  £1_.  is  shown  in  Table  II.  While  there  is  some  scatter,  the 
two  experiments  are  in  reasonable  agreement.  Lo  has  also  observed  these 
reactions,  however  his  experiments  were  not  intended  to  produce  absolute 
cross  section  measurements. 

A simultaneous  comparison  technique  is  employed  in  Cohen's  experiments. 
Two  different  metals  are  placed  in  the  beam  source  and  the  reaction  signals 
are  all  observed  at  a constant  source  temperature.  This  approach  restricts 
comparisons  to  metal  pairs  having  comparable  vapor  pressures  in  some 
temperature  range.  This  requires  that  the  Md-Gd  comparison  employ  a three 
element  chain,  Nd/Tb,  Tb/Pr,  Pr/Gd  while  two  additional  elements,  Sm/Ho, 
Ho/Nd,  are  required  for  samarium. 

TABLE  II 


1 


COMPARISON  OF  MEASURED  CROSS  SECTIONS  OF  THE  REACTION 
M + 0 -+  M0+  + e FOR  THE  METALS  NEODYMIUM  AND  SAMARIUM 


■ 


Cohen" 
This  Work 


. ~ 1ri-15  2 

1.3  x 10  cm 
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2.7  x 10  10  crn 


4.3  x 10 
1.7  x 10' 


We  have  used  a sequential  comparison  method  for  these  experiments. 
The  furnace  containing  the  two  metals  to  be  compared  is  heated  slowly 


■ 

I 


' 


and  reaction  signals  are  observed  as  the  furnace  temperature  reaches 
the  appropriate  temperature  to  produce  a beam  of  each  metal.  Due  to 
the  open  design  of  the  furnace  (described  in  Apendix  III),  the  lower 
melting  point  metal  supply  is  generally  exhausted  before  a beam  of  the 
second  metal  is  detected.  Thus  the  signals  for  the  two  reactions  are 
measured  at  different,  unknown,  furnace  temperatures.  The  geometry  of 
the  source  also  allows  a variation  in  the  overlap  between  the  oxygen 
beam  and  the  two  metal  beams. 

Both  techniques  have  their  weak  points.  We  consider  our  results 
to  be  in  essential  agreement  with  those  of  Cohen,  and  believe  that 
the  differences  could  be  reduced  by  installing  a furnace  which  allows 
greater  control  of  the  metal  beam  source.  For  other  systems  studied 
by  both  Lo  and  Cohen,  the  agreement  is  generally  satisfactory,  less 
than  a factor  of  ten  in  most  cases. 


VI . Technical  Developments 

In  addition  to  the  specific  reactions  which  have  been  studied,  we 
have  developed  a number  of  generally  useful  experimental  techniques. 

Many  of  these  have  been  in  the  area  of  neutral  beam  sources.  The  two- 
stage  furnace  which  was  used  to  produce  an  atomic  sulfur  beam  has  already 
been  described  in  Section  II.  Although  the  idea  of  using  a two-stage 
furnace  is  not  new,  our  experiences  have  demonstrated  that  a simple 
tube-type  gas  dissociation  furnace  can  be  readily  adapted  to  a two-stage 
design  for  use  with  solid  samples. 

A great  deal  of  effort  has  been  devoted  to  improving  the  tungsten 
foil  tube  furnace  which  was  used  in  the  early  phases  of  this  reasearch 
project  as  a uranium  beam  source.  The  present  design  consists  of  three 
tungsten  rods  mounted  to  form  a vee-shaped  trough.  A chip  of  uranium 
is  held  in  the  trough  by  glue  which  burns  away  as  the  furnace  is  heated, 
disappearing  completely  before  the  uranium  begins  to  vaporize.  This 
furnace  has  a usable  life  of  five  to  ten  hours  with  uranium,  nearly  an 
order  of  magnitude  longer  than  the  earlier  tube  furnace. 

There  are  some  disadvantages  associated  with  this  design.  Due  to 
the  large  physical  area  over  which  the  beam  may  be  formed,  neither  the 
beam  geometry  nor  the  beam  temperature  is  well-defined.  The  source  is 
not  well  suited  for  two  element  beams  because  the  beams  of  the  two 
metals  are  produced  from  different  areas  of  the  furnace  and  are  not 
co-1 inear. 
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The  ozone  beam  source  design  has  proved  most  successful.  This 
all-glass  rf  discharge  source  is  described  in  detail  in  Appendix  VIII. 
The  purity  of  the  ozone  beam  which  is  produced  has  not  yet  been 
accurately  determined  due  to  a lack  of  data  concerning  the  electron 
impact  ionization  cross  section  and  fragmentation  pattern  of  ozone. 

The  source  is  presently  being  used,  in  connection  with  another  project, 
to  measure  these  parameters. 

We  have  also  demonstrated  that  dc  negative  ion  currents  can  be 
routinely  measured  using  an  electron  multiplier  and  an  Extranuclear 
Laboratories  Negative/Positive  Preamplifier.  The  isolation  provided  by 
the  preamp  allows  changing  from  positive  to  negative  ion  detection  by 
simply  changing  the  bias  voltages  on  the  ends  of  the  electron  multiplier 
and  reversing  the  polarity  of  the  focusing  lens  voltages. 
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VII.  Conclusions 


The  principal  conclusion  of  the  present  research  program  is  that 
associative  ionization  between  ground  state  reactants  is  not  an  uncommon 
process  and  that  it  can  be  a significant  source  of  long-lived  electron 
clouds  in  the  upper  atmosphere  through  the  introduction  of  any  of  a 
number  of  heavy  metals.  While  negative  ions  may  also  be  produced  in 
some  of  the  reactions,  the  negative  ion  channels  account  for  no  more 
than  5%  of  the  total  reaction  cross  section  in  any  of  the  systems 
examined  thus  far. 

Knowing  the  absolute  cross  sections  for  the  U + 0 and  U + 0^ 
reactions  has  made  it  straightforward  to  obtain  cross  sections  for  other 
associative  ionization  reactions.  These  cross  section  measurements  all 
contain  at  least  one  factor  which  is  a ratio  of  usually  poorly  known 
electron  impact  ionization  cross  sections,  pointing  out  a need  for 
improved  electron  impact  cross  section  data.  Presently  stated  results 
explicitly  show  this  factor  so  that  improved  values  for  these  associative 
ionization  cross  sections  can  be  generated  as  soon  as  improved  El  cross 
sections  become  available. 

It  is  not  yet  possible  to  predict  the  combinations  of  reactants 
which  will  associati vely  ionize.  Additional  data  on  the  ionization 
potentials  and  dissociation  energies  of  heavy  metal  radicals  appear  to 
be  a necessary,  although  probably  not  sufficient,  requirement  for  developing 
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a predictive  capability.  Not  all  of  the  reaction  channels  known  to  be 
energetically  allowed  have  been  observed,  however  for  every  combination 
or  reactants  known  to  have  one  or  more  allowed  channels,  at  lease  one 
channel  has  been  observed. 

There  remains  much  to  be  learned  about  associative  ionization. 

The  possibilities  of  internal  excitation  of  the  product  positive  ions 
and  the  energy  distributions  of  the  electrons  have  not  yet  been  fully 
examined.  There  is  no  doubt  as  to  the  basic  scientific  interest  of 
this  entire  field  and  it  is  quite  possible  that  the  processes  may  also 
have  significant  bearing  on  military  communications  problems,  absolute 
neutral  atom  detection,  and  perhaps  isotope  separation  and  other  processes 
in  which  chemi -ionization  between  ground  state  reactants  represents  an 
energetically  economical  means  of  ionization. 
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APPENDIX  I 


ASSOCIATIVE  IONIZATION  REACTIONS  STUDIED  AT  EXTRANUCLEAR  LABORATORIES,  INC. 
AND  THE  UNIVERSITY  OF  PITTSBURGH  UP  TO  DECEMBER  31,  1976 


Reaction 

Observers 

Method 

p 

Cross  Section  (cm) 
See  Note  1 

1. 

U + 0 -v  U0+  + e 

1,2,3 

A 

1.6  x 10‘15 

2. 

Th  + 0 -*•  ThO+  + e 

1,3 

A 

-15 

1.0  x 10  10 

3. 

Zr  + 0 -*•  ZrO+  + e 

1,3 

A 

1.3  x 10"15 

4. 

Gd  + 0 ->•  GdO+  + e 

1,3 

A 

8.4  x 10"16 

5. 

Ti  + 0 TiO+  + e 

1,3 

A 

4.5  x 10‘15 

6. 

La  + 0 LaO+  + e 

3 

A 

5.1  x 10"15 

7. 

Sn  + 0 ■+■  SmO+  + e 

3,6 

A 

1.7  x 10"16 

8. 

Nd  + 0 - Nd  0+  + e 

3,6 

A 

2.7  x 10"15 

9. 

Y + 0 -+  Y0+  + e 

3 

A 

3 x 10-16 

10. 

Ce  + 0 -*■  CeO+  + e 

3 

A 

1 x 10"lfi 

11. 

Pr  + 0 ->  PrO+  + e 

3 

A 

2 x 10"15 

12. 

Dy  + 0 -*■  DyO+  + e 

3 

A 

1 x 10'17 

13. 

Er  + 0 -*■  ErO+  + e 

3 

A 

1 x ID"18 

14. 

U + 02  -*■  U02+  + e 

1,2,3 

A 

1.7  x 10"17 

15. 

Th  + 02  -*•  Th02+  + e 

1,3 

A 

1.5  x 10"17 

16. 

La  + O^  -*•  La02+  + e 

3 

A,B 

1.7  x 10"17 

17. 

-*■  LaO  + + 0 + e 

3 

A,B 

1.2  x 10"17 

18. 

- LaO+  + 0" 

6 

A 

IQ'18 

19. 

Ce  + O^  •+•  Ce02+  + e 

3 

A 

3 x 10"19 

20. 

- CeO+  + ? 

3 

A 

1 x IQ'20 
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2 

Cross  Section  (cm  ) 


Reaction 

Observers 

Method 

See  Note  1 

21. 

Pr  + 0^  -*■  Pr02+  + e 

3 

A 

4 x 10“19 

22. 

U + 03  ->  U02+  + 0 + e 

5,6 

A 

2 x 10'16 

23. 

->■110  + 02  + e 

5,6 

A 

2 x 10'16 

24. 

Th  + 03  -*■  Th03+  + e 

5,6 

A 

2 x 10"19 

25. 

-*•  Th02+  + 0 + e 

5,6 

A 

1 x 10'17 

26. 

-*•  Th02+  + 0“ 

5,6 

A 

2 x 10"18 

27. 

- Th0+  + 02+  e 

5,6 

A 

4 x 10"16 

28. 

+ Th0+  + 0 " 

o 

5,6 

A 

1 x 10"18 

29. 

c 

U + Cl2  ->  UC12+  + e 

5,3 

A,B 

1 x 10"17 

30. 

UC1+  + Cl  + e 

5,3 

A,B 

5 x 10"19 

31. 

-+  UC1+  + Cl"  + e 

5 

A 

5 x 10"19 

32. 

La  + Cl2  LaCl2f  + e 

3 

B 

1.1  x 10"16 

33. 

-v  LaCl+  + ? 

B 

1.2  x 10-16 

34. 

Y + Cl2  ■*  YC12+  + e 

3 

B 

9 x 10"18 

35. 

->  YC1 + + ? 

3 

B 

4 x 10'19 

36. 

U + Br2  ->  UBr2+  + e 

5 

A 

5 x 10"19 

37. 

-*■  UBr+  + Br  + e 

5 

A 

1 x 10"19 

38. 

-*  UBr+  + Br 

5 

A 

1 x 10"20 

39. 

U + N02  ->  U02+  + N + e 

3 

B 

See  Note  2 

40. 

U + No0  U0+  + N0  + e 

4, 5, 3, 6 

A,B 

3 x 10"18 

Z c 

See  Mote  2 

41. 

La  + N20  ->■  La0+  + N2  + e 

3 

B 

-15 

1.5  x 10  13 
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2 

Cross  Section  (cm  ) 


Reaction 

Observers 

Method 

See  Note  1 

42. 

U + NO  -*■  UNO*  + e 

4,3 

A,B 

-19 

4.4  x 10 

43. 

U + SF6  - UF2+  + SF4  + e 

4,5 

A,B 

Small 

44. 

U + SF4  - UF?+  + SF2  + e 

5 

A 

5 x 10'19 

45. 

- UF2+  + sf  + f” 

5 

A 

lO”20 

46. 

U + S ->  US+  + e 

5,6 

A 

0 in- 

3 X 10 

47. 

Ba  + OH  -*  BA0H+  + e 

3 

A 

Confirming  Cohen 
et  al . 

Observers : 

Methods : 

1. 

W.  L.  Fite 

A.  Crossed  Beams 

2. 

P.  Irving 

B.  Beam  through  gas 

or  magnetic  bottle 

3. 

H.  H.  Lo 

4. 

B.  N.  Kim 

5. 

M.  W.  Siegel 

6. 

T.  A.  Patterson 

Note  1:  All  of  the  cross  sections  must  be  multiplied  by  the  ratio  of  the 

electron  impact  ionization  cross  section  of  the  metal  to  that  of  uranium. 

The  cross  sections  for  reactions  22-47  must  also  be  multiplied  by  the  ratio 
of  the  ionization  cross  section  of  the  gas  to  that  of  0^. 

Note  2:  U + N2O  in  a crossed  beam  experiment  gave  a value  of  3 x 10”  cm' . 
However,  the  value  which  came  from  a magnetic  bottle  experiment  was  over 
10-1'  cm2.  We  are  now  trying  to  understand  this  discrepancy  in  terms  of 
systematic  errors,  probably  in  the  bottle  experiment,  since  a repeat  of  the 
U + N2O  crossed  beam  experiment  by  a different  observer  under  different 
conditions  also  gave  3 x 10"*8  cm  . Only  the  bottle  experiment  has  been 
used  to  date  for  the  U + NO2  reaction  so  we  are  reluctant  to  cite  a value 
at  this  time. 
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APPENDIX  II 


PRESENTED  AT  THE  IX  INTERNATIONAL  CONFERENCE  ON  THE 
PHYSICS  OF  ELECTRONIC  AND  ATOMIC  COLLISIONS,  SEATTLE,  JULY  1975 

STUDIES  OF  POSITIVE  AND  NEGATIVE  ION  ASSOCIATIVE 
IONIZATION  IN  CROSSED  BEAMS  OF  URANIUM 
AND  N20,  SFg,  Br£,  H^,  CHF3  AND  0?* 

M.  W.  SIEGEL  AND  W.  L.  FITE 

Extranuclear  Laboratories,  Inc. 

P.O.  Box  11512,  Pittsburgh,  PA  15238,  U.S.A. 

We  have  recently  surveyed  six  gas-uranium  systems  seeking 

associative  ionization  processes  leading  to  positive  and  negative 

ions.  In  two  cases  we  have  been  able  to  determine  estimates  for 

associative  ionization  cross  sections  relative  to  the  1.68  ± 0.27  x 
- 17  2 + 

10  cm  cross  section  for  U02  from  U and  02,  previously  investigated 
by  Fite  et_  aj_.  ^ The  apparatus  and  technique  used  herein  are  essentially 
identical  to  those  described  in  Ref.  1.  The  only  significant  chanqe 
is  the  addition  of  a two  port  gas  handling  system  to  allow  rapid 
interchange  of  gases  for  normalization  purposes. 

Quantitative  measurements  have  been  made  on  the  U0+  from  U and 
N20  system,  where  the  reaction  is 

U + N2D  -v  U0+  + e 

The  cross  section  for  this  process  is  estimated  at  14"  of  the  cross 
section  for  U02+  from  U and  02.  This  measurement  does  not  yet  include 
several  corrections  (e.g.,  02  and  N?0  beam  intensities  by  electron 
bombardment,  mass  discrimination  effects,  etc.)  which  will  have  to  be 
carefully  determined  before  a precise  result  can  be  stated.  As  would 
be  expected,  no  negative  ions  were  detected. 
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In  the  U + SFg  system  the  UF2+  ion  1S  observed,  but  no  negative 
ion  is  found.  The  process  involved  is  thus  presumed  to  be 

U + SFg  -*  UF2+  + SF4  + e 

Its  cross  section  appears  to  be  small.  The  UF2+  is  detected  at  a 
convenient  signal  level  when  the  reaction  chamber  partial  pressure 
due  to  the  SFg  beam  is  of  the  order  of  5 x 10"^  torr.  When  an  02 
beam  producing  a pressure  increase  of  1 x 10"^  torr  is  mixed  with  the 
SFg  beam,  the  U02+  signal  dominates  the  UF2+  signal  by  a factor  of 
approximately  7,  apparently  indicating  that  the  cross  section  for 
producing  UF2+  from  U and  SFg  appears  to  be  about  3%  of  the  cross 
section  for  producing  U02+  from  U and  02. 

In  the  U + Br2  system  the  UBr2+  ion  wa s observed  but  the  UBr+ 
was  not.  Again,  negative  ions  were  sought  and  none  observed. 

Positive  ions  (only)  were  sought  in  the  U + h202  system,  but  none 
were  observed.  Obtaining  this  null  result  required  a variation  on  the 
usual  procedure,  necessitated  by  the  inseparable  admixture  of  02  with 
the  H 202  beam;  thus  an  associative  ionization  signal  is  always  observed, 
and  it  was  at  first  believed  to  be  due  to  U0o+  (or  perhaps  U02H+)  from 
the  U + H202  reaction.  To  distinguish  signal  from  H202  from  signal  02 
we  used  a mass  stepping  device  to  switch  approximately  once  oer  second 
between  U09+  and  0„+;  the  electron  beam  was  switched  on  only  during  the 

C.  C 

02+  dwell  periods.  The  signals  were  demultiplexed  to  sample-and-hold 
amplifiers,  and  an  x-y  plot  was  made  of  the  U02+  vs.  02+  signals  as  the 
source  pressure  of  02  and  (H202  + 02)  were  separately  varied.  These 
plots  had  identical  slopes,  indicating  that  all  of  the  U02+  signal  was 


due  to  the  02  reaction. 
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Positive  ions  (only)  were  sought  in  the  IJ  + CHF^  (Freon  23)  system, 
but  a null  result  was  obtained. 

In  addition  to  the  above  newly  investigated  systems,  negative  ions 
were  sought  in  the  U + 0^  system;  again,  as  expected  a null  result  was 
obtained. 

The  null  results  in  our  search  for  negative  ions  from  N^O,  0^, 

B^,  and  SFg  + U are  disappointing,  especially  in  the  latter  two  cases. 

We  will  have  to  continue  to  doubt  the  proper  functioning  of  the  apparatus 
until  such  time  as  some  associative  ionization  negative  ion  is  observed. 
However  the  experimental  procedure  is  entirely  symmetric  for  negative  and 
positive  ions,  and  we  believe  that  if  any  of  these  systems  do  lead  to 
negative  ions,  the  cross  sections  are  more  than  an  order  of  magnitude 
below  the  smallest  positive  ion  cross  section  observed  to  date. 

We  anticipate  that  by  conference  time  we  will  be  able  to  discuss 
one  or  two  of  these  new  results  in  quantitative  detail;  our  search  for 
negative  ions  will  also  continue,  and  we  hope  to  be  able  to  report  at 
least  one  non-null  result. 

*W.  L.  Fite,  H.  H.  Lo,  and  P.  Irving,  J.  Chem.  Phys.  60,  1236,  (1974) 

Hr 

This  research  was  supported  by  the  Defense  Nuclear  Agency  and  monitored 
by  the  Air  Force  Cambridge  Research  Laboratories  under  Contract  Number 
F 19628- 74-C-02 1 5 
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APPENDIX  III 


PRESENTED  AT  THE  AMERICAN  SOCIETY  FOR  MASS  SPECTROMETRY 
CONFERENCE,  HOUSTON,  MAY  1975 


ASSOCIATIVE  IONIZATION  AND  SECONDARY  REACTIONS  IN 
U + 02  AND  U + N20  SYSTEMS 

W.  L.  FITE  AND  H.  H.  LO,  DEPARTMENT  OF  PHYSICS, 

UNIVERSITY  OF  PITTSBURGH,  AND  M.  W.  SIEGEL, 

EXTRANUCLEAR  LABORATORIES,  INC.  PITTSBURGH,  PA 

Crossed  bean  experiments  have  yielded  the  cross  section  for 
U + N20  -+  UO+  + N2  + e,  from  the  previously  measured  cross  section 
for  U + O0  -*•  U02+  + e.  In  a second  experiment  a beam  of  U atoms 
crossed  a magnetic  bottle  field  where  gas  was  added.  Ions  formed  and 
trapped  in  the  bottle  field  were  examined.  With  N20,  U02+  was  also 
present,  arising  from  the  ion-molecule  reaction  U0+  + N20  -+  U02+  + N9. 
With  02>  U03+  was  also  present  but  arising,  we  believe  from  energy 
considerations,  from  the  associative  ionization  process  UO*  + r>2  -+■  DO 
+ e,  with  the  UO  coming  from  U + 02  -»■  UO*  + 0.  The  appearance  of 
U03+  suggests  possible  errors  in  the  known  energetics  of  the  uranium- 
oxygen  system.  The  experiments  are  described  and  the  results  discussed. 
Possible  uses  of  magnetically  confined  plasmas  of  such  ions  are 
considered. 


Supported  in  part  by  the  NSF  and  in  part  by  the  Defense  Nuclear  Agency 
through  AFCRL 
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APPENDIX  IV 

PRESENTED  AT  THE  V INTERNATIONAL  CONFERENCE  ON 
ATOMIC  PHYSICS,  BERKELEY,  JULY  1976 

STUPV  OF  THE  ASSOCIATIVE  IONIZATION  REACTION 
BETWEEN  URANIUM  AND  SULFUR* 

T.  A.  PATTERSON  AND  M.  W.  SIEGEL 

Extranuclear  Laboratories,  Inc.,  Pittsburgh,  PA  15238 

We  are  continuing  our  survey  of  associative  ionization  reactions 
involving  uranium  atoms  by  examining  the  reaction 

U + S - US+  + e.  (1) 

Since  the  analogous  reaction  with  atomic  oxygen,  which  like 
2 4 1 

atomic  sulfur  has  an  ns^  np  { P„}  structure,  proceeds  with  a rela- 

1 - 1 5 2 

tively  large  cross  section,  1.62  + 0.41  x 10  cm  , it  is  reasonable 
to  expect  that  this  reaction  would  occur. 

The  experiment  is  performed  in  a crossed  beams  configuration 
using  an  apparatus  and  technique  which  are  essentially  identical  to 
those  described  in  Ref.  1.  A two-stage  oven  has  been  added  to  the 
system  to  produce  atomic  beams  from  molecular  solids.  The  solid 
charge  is  vaporized  in  the  first  stage  and  then  dissociated  in  the 
hotter  second  stage.  Generally,  a single  stage  oven  hot  enough  to 
dissociate  a molecule  will  vaporize  the  charqe  too  raDidly  to  produce 
a usable  beam. 

The  cross  section  for  reaction  (1)  is  measured  to  be  of  order 
3 x 10  ’ cm  , based  on  a comparison  with  the  1.68  + 0.27  x 10  cm'' 

cross  section  for  U02+  from  U and  O2,  previously  investigated  by  Fite 


et  aJL 1 This  value  does  not  include  corrections  for  such  factors  as 
the  relative  efficiencies  of  the  02  and  S beam  intensity  measurements 
by  electron  bombardment,  detailed  examination  of  the  dissociation 
fraction  and  mass  discrimination  effects.  These  factors  will  have  to 
be  determined  to  yield  a more  accurate  result. 

A cursory  examination  of  the  reaction 

U + S2  US2+  + e (2) 

yielded  a null  result.  However,  considering  beam  intensities  and  the 
ratio  of  the  0 and  02  cross  sections,  the  US2+  product  could  easily 
have  escaped  detection.  Insufficient  data  exists  on  the  dissociation 
energy  and  ionization  potential  of  US2  to  determine  whether  the 
reaction  is  even  energetically  possible. 


1W.  L.  Fite,  H.  H.  Lo  and  P.  Irving,  J.  Chem.  Phys.  60  1236  (1974) 

*T his  research  was  supported  by  the  Defense  Nuclear  Agency  and  monitored 
by  the  Air  Force  Geophysics  Laboratory  under  Contract  Number  F 19628-74-C-0215 
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PRESENTED  AT  THE  V INTERNATIONAL  CONFERENCE  ON 
ATOMIC  PHYSICS , BERKELEY,  JULY  1976 

STUDIES  OF  POSITIVE  AND  NEGATIVE  ION  ASSOCIATIVE 
IONIZATION  IN  CROSSED  BEAMS  OF  URANIUM  AND 
Br2,  Cl2,  N02,  SF4,  (CN)2  AND  H2S* 

M.  W.  SIEGEL  AND  W.  L.  FITE 
Extranuclear  Laboratories , Inc.,  Pittsburgh,  PA  15238 

In  a previous  report^  on  our  crossed  beam  studies  of  associative 
ionization  between  uranium  atoms  and  various  gases  we  reported  observ- 
ing the  reaction 


U + Br2 

-*■  UBr2+  + e 

(la) 

with  a null 

result  for  the  channels 

U + Br2 

■+  UBr+  + Br  + e 

(lb) 

and 

U + Br2 

-*■  UBr+  + Br” 

(lc) 

Further  investigation  under  more  favorably  experimental  conditions  now 

indicates  that  reactions  (lb)  and  (lc)  do  indeed  occur.  This  appears 

to  be  the  first  reported  associative  ionization  reaction  leading  to  a 

negative  ion  product.  By  comparison  of  observed  signal  intensities  in 

these  cases  with  the  U02+  signal  from  the  reaction  U + 02  -*  U02+  +e 

under  comparable  gas  beam  intensity  conditions,  we  roughly  estimate 

-19  2 / , -19  2 

cross  sections  of  5 x 10  cm  for  (la),  and  1 x 10  cm  for  the  sum 
of  (lb)  and  (lc).  The  branching  ratio  between  (lb)  and  (lc)  is  difficult 
to  estimate,  but  appears  to  be  the  order  of  10:1. 
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with  uranium 


We  have  similarly  investigated  the  reactions  of  Cl ^ 
and  observed 


U 

+ Cl2 

- UC1 2 + e 

(2a) 

U 

+ Cl2 

- UC1+  + Cl  + e 

(2b) 

and 

u 

+ Cl2 

- UC1  + + Cl" 

(2c) 

-17  2 -18  2 

with  roughly  estimated  cross  sections  of  10"  cm  for  (2a),  and  10  cm 

for  the  sum  of  (2b)  and  (2c).  The  branching  ratio  between  (2b)  and  (2c) 

is,  as  in  the  analogous  bromine  case,  difficult  to  estimate,  but  appears 

to  be  of  order  unity. 

The  reaction 

U + N02  - U02+  + N + e (3) 

2 

previously  reported  by  Fite,  Lo  and  Vasu  in  a magnetic  bottle  configura- 
tion, has  now  been  observed  in  the  crossed  beam  configuration.  Its 
cross  section  is  estimated  at  3 x 10”  cm  . No  negative  ion  channel  is 
possible. 


The  reactions 


U + SF4  - UF2  + SF2  (?)  + e 

(4a) 

and 

U + SF4  - UF2+  (?)  + F"  + SF  (?) 

(4b) 

have  been  observed,  in  interesting  contrast  to  the  previously  reported^ 
reaction  U + SFg  -*■  UF2+  + SF^  + e where  no  negative  ion  channel  is 
observed.  The  cross  section  for  (4a)  is  estimated  at  5 x 10  cm  , 
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while  the  cross  section  for  (4b)  is  so  small  as  to  preclude  even  a 
rough  estimate  at  this  time.  The  positive  ion  product  in  (4b)  is 
shown  as  uncertain  because  the  F~  signal  is  sufficiently  small  that 
a correspondingly  small  current  of  a heavy  positive  ion,  e.g.,  UF+, 
might  easily  elude  detection. 

The  systems  U + (CN^  and  U + H^S  were  examined  and  not  found 
to  yield  ionized  products. 
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APPENDIX  VI 


PRESENTED  AT  THE  APS  DIVISION  OF  ELECTRON  AND 
ATOMIC  PHYSICS  MEETING,  LINCOLN,  DECEMBER  1976 

OZONE  ASSOCIATIVE  IONIZATION  WITH 
THORIUM  AND  URANIUM* 

T.  A.  PATTERSON  AND  M.  W.  SIEGEL 
Extranuclear  Laboratories,  Inc.,  Pittsburgh,  PA  15238 

Associative  ionization  reactions  between  ozone  and  both  uranium 
and  thorium  have  been  studied  in  a crossed  beams  experiment.  The 
positive  ion  products  M0^+,  MOo+,  M0£+  and  M0+,  the  neutral  products 
0 and  O^,  and  the  negatively  charged  products  e,  0~  and  0 ^ group  into 
seven  associative  ionization  channels.  In  the  Th-03  system  all  five 
ion  products  are  observed,  indicating  that  at  least  three  channels  are 
onen.  Relative  intensities  of  Positive  and  negative  ion  signals  indicate 
that  at  least  five  channels  are  actually  open.  The  channels  leading 
to  (ThO+  + 0 + 0 + e)  and  (ThO+  + 0 + O’)  can  probably  be  excluded  on 
energetic  grounds,  so  cross  sections  for  the  five  distinct  channels  can 
be  obtained  from  the  data.  In  the  U-O^  system,  U0+  and  U0^+  but  not  U0^+ 
are  observed,  in  agreement  with  known  energetics.  Neither  0^  nor  0 
are  observed,  although  energetically  allowed.  Measured  cross  sections 
span  the  range  10  to  10  cm  . 


* Supported  by  the  Defense  Nuclear  Agency  and  monitored  by  the  Air 
Force  Geophysics  Laboratory  under  Contract  Number  F 19628-74-C-0215 
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APPENDIX  VII 

PRESENTED  AT  THE  APS  DIVISION  OF  ELECTRON  AND 
ATOMIC  PHYSICS  MEETING,  LINCOLN,  DECEMBER  1976 

LANTHANUM-OXYGEN  ASSOCIATIVE  IONIZATION* 

T.  A.  PATTERSON 

Extranuclear  Laboratories,  Inc.,  Pittsburgh,  PA  15238 

AND 

H.  H.  LO 

University  of  Pittsburgh,  PA  15260 

Multiple  reaction  channels  have  been  observed  in  heavy  metal- 
molecular  halide  associative  ionization  reactions.*  We  report  the 
first  observation  of  multiple  channels  in  a metal-molecular  oxygen 
system.  Associative  ionization  between  lanthanum  and  oxygen  has  been 
studied  in  a crossed  beams  experiment.  In  addition  to  the  reaction 

La  + Oj,  -*  La02+  + e 

2 + 

which  has  been  observed  in  many  similar  metal -oxygen  systems,  LaO 

and  0~  are  also  produced.  The  cross  sections  for  the  first  two  reactions 
-17  2 

are  of  order  10  cm  , while  that  of  the  third  is  significantly  smaller. 

*Supported  by  the  Defense  Nuclear  Agency  and  monitored  by  the  Air 
Force  Geophysics  Laboratory  under  Contract  Number  F 19628-74-C-0215 
and  NSF 

*M.  W.  Siegel  and  W.  L.  Fite,  Abstracts  of  the  V ICAP  (Berkeley,  CA, 
1976),  R.  Marrus,  M.  H.  Prior  and  H.  A.  Shugart  (Eds.),  p.  135. 

^H.  H.  Lo  and  W.  L.  Fite,  Chem.  Phys.  Lett.  29,  39  (1974)  and 
references  therein. 
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APPENDIX  VIII 

ASSOCIATIVE  IONIZATION  OF  URANIUM  AND  THORIUM 
IN  COLLISIONS  WITH  OZONE* 

T.  A.  PATTERSON,  M.  W.  SIEGEL  AND  W.  L.  FITE 
Extranuclear  Laboratories,  Inc.,  Pittsburgh,  PA  15238 

ABSTRACT 

Associative  ionization  cross  sections  for  U and  Th  with  0^  have 

been  measured  using  a crossed  beams  technique.  Thermochemical  data 

indicate  five  energetically  allowed  reaction  channels  for  each  metal. 

Only  two  of  these  channels  are  observed  in  the  U + 0^  system.  All 

five  channels,  including  two  leading  to  the  production  of  negative 

ions,  are  observed  in  the  Th-O^  system.  The  total  reaction  cross 

“16  2. 

section  for  both  metals  is  about  4 x 10"  cm,  with  individual  channel 

192  1 6 2 

cross  sections  spanning  the  range  2 x 10"  J crn  to  4 x 10”  ’ cm. 


*This  research  was  sponsored  by  the  Defense  Nuclear  Agency  and  monitored 
by  the  Air  Force  Geophysics  Laboratory  under  Contract  Number  F 19628- 74-C-02 1 5 
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ASSOCIATIVE  IONIZATION  OF  URANIUM  AND  THORIUM 
IN  COLLISIONS  WITH  OZONE 

T.  A.  PATTERSON,  M.  W.  SIEGEL  AND  W.  L.  FITE 
Extranuclear  Laboratories,  Inc.,  Pittsburgh,  PA  15238 


I . Introduction 

Associative  ionization  reactions  between  lanthanide  and  actinide 
heavy  metals  and  a -variety  of  atomic  and  simple  molecular  species  have 

1 g 

been  investigated  recently.  " Metal-atom  associative  reactions  have 
the  simple  form 

M + A ->  MA+  + e (1) 

Metal -molecule  systems  are  more  complex  because  multiple  dissociative- 
associative  reactions  channels,  including  some  leading  to  negative  ions, 
are  possible  in  addition  to  the  simple  associative  reactions.  For  many 
of  the  heavy  metal  systems,  insufficient  molecular  binding  energy  data 
are  available  to  predict  which,  if  any,  of  the  associative  ionization 
channels  are  energetically  allowed.  Turning  this  deficiency  around,  the 
existence  or  absence  of  open  associative  ionization  channels  may  be 
used  to  place  bounds  on  certain  ionization  potentials  and  dissociation 
energies. 
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In  this  paper  we  report  several  associative  ionization  reactions 
between  ozone  and  uranium  and  thorium.  Seven  associative  ionization 


reaction  channels  are  in  principle  possible: 

M + 03  - M03+  + e (2) 

-*■  n02+  + 0 + e (3) 

-*•  M02+  + 0"  (4) 

-*•  M0+  + 02  + e (5) 

•>  mo+  + o2"  (6) 

-*  M0+  + 0 + 0 + e (7) 

M0+  + 0 + 0"  (8) 


Reactions  (2)-(6)  are  known  to  bo  exothermic  for  both  uranium^  and 
thorium^  while  (7)  and  (8)  are  known  to  be  endothermic  by  more  than 
1.5  eV  for  both  metals.  Table  I summarizes  the  exothermicity  of  the 
reactions.  Exothermicity  provides  only  a measure  of  whether  the 
reaction  is  permitted,  but  does  not  guarantee  that  the  reaction  proceeds 
with  sufficient  cross  section  to  be  observable.  Experience  has  indicated 
that  most  but  not  all  allowed  reactions  are  in  fact  observed.  This  would 
be  expected  on  the  simple  grounds  that  an  enormous  number  of  low  lying 
molecular  states  exist  in  these  systems,  almost  assuring  one  or  more 
appropriate  curve  crossings  in  each  case. 

1 1 . Apparatus 

The  experiments  are  performed  in  the  crossed  beams  apparatus  shown 
schematically  in  Figure  1.  The  metal  vapor  beam  and  the  modulated  ozone 
beam  intersect  at  right  angles  in  the  analyzer  chamber  of  a two-chamber, 
dif ferential ly  pumped  vacuum  system.  Ions  produced  by  associative 


L 
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ionization  are  electrostatically  extracted  from  the  interaction  volume 
and  focused  into  the  entrance  of  a quadrupole  mass  filter.  Ions  of  a 
selected  m/e  are  detected  with  a continuous  dynode  (Channel tron^ ) multiplier. 
An  electron  beam  can  also  be  turned  on  to  pass  through  the  interaction 
volume  at  right  angles  to  the  gas  and  metal  beams.  The  beam  intensities 
can  thus  be  measured  by  electron  bombardment  ionization  mass  spectrometry. 

The  metal  vapor  beam  is  formed  by  placing  a chip  of  the  metal  in  a 
horizontal  trough  formed  by  three  tungsten  rods.  The  rods  are  resistively 
heated  to  a normal  operating  temperature  of  2000-2200  K.  There  are  three 
collimating  aperatures  between  the  beam  source  and  the  interaction  volume. 

This  very  simple  technique  has  been  found  to  be  a more  satisfactory  beam 
source  than  the  tungsten  foil  tube  furnaces  which  were  used  in  earlier 
experiments.1  The  source  has  an  operating  life  of  8-12  hours  with  uranium 
and  can  easily  be  replenished  many  times  when  used  with  a less  reactive 
metal . 

Ozone  is  produced  in  an  rf  discharge  in  flowing  oxygen  at  a pressure 

of  1-10  Torr.  The  all-glass  and  teflon  ozone  source  is  illustrated  in 

Figure  2.  In  order  to  keep  0 and  0^  discharge  products  out  of  the  beam  and 

to  eliminate  electrical  noise  interference,  the  ozone  is  produced  and 

released  cyclically.  The  ozone  produced  in  the  discharge  is  first  collected 

as  a solid  by  cooling  the  discharge  bulb  in  liquid  nitrogen.  After 

3 

collecting  approximately  .5  cm  of  solid  ozone,  the  discharge  and  oxygen 
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flow  are  turned  off.  The  ozone  beam  is  produced  by  allowing  the  solid 
ozone  to  evaporate.  The  ozone  effuses  from  the  nozzle  of  the  source  into 
the  source  chamber  of  the  vacuum  system.  The  nozzle  is  approximately  1 cm 
from  the  beam  defining  aperture  which  connects  the  source  chamber  with 
the  analyzer  chamber. 

One  of  the  difficulties  in  working  with  a beam  of  an  unstable  species 
such  as  ozone  is  to  assure  that  the  beam  survives  the  transit  from  the 
source  to  the  interaction  region.  This  is  particularly  important  in  this 
case  since  the  ozone  dissociation  product  impurities,  0^  and  possibly  0, 
will  also  react  with  the  metal  beam,  producing  some  of  the  same  ions  which 
are  expected  in  the  metal-ozone  reaction.  The  only  method  available  for 
monitoring  the  ozone  beam  is  to  observe  the  ions  produced  by  electron  impact 
ionization.  This  introduces  a problem  in  that  the  ions  produced  from  the 
impurities  by  electron  impact  are  also  ozone  dissociative  ionization  products. 
Thus  a large  0^+  signal  is  not  necessarily  an  indication  of  an  0^  impurity 
in  the  beam.  Because  the  electron  impact  ionization  cross  section  and 
fragmentation  pattern  of  ozone  is  not  known,  it  is  not  possible  to  determine 

the  relative  concentrations  of  0,  0^  and  0^  in  the  beam  by  observing  the 

. + + + 

ratios  of  the  0 , 0^  and  0^  ion  signals.  Mass  discrimination  effects,  to 
be  discussed  later,  would  complicate  this  approach  even  if  the  necessary 
cross  section  data  were  available. 

Modulating  the  beam  with  a rotating  toothed  wheel  permits  some 
information  about  the  purity  of  the  beam  to  be  extracted.  Ry  using  a 
frequency  selective  detection  system  tuned  to  the  modulation  frequency,  the 
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ion  signals  produced  from  bean  components  can  be  separated  from  ion 
signals  produced  from  the  background  gas.  If  the  phases  of  the  ion 
signals,  relative  to  some  reference  signal  generated  by  the  modulator, 
are  also  monitored,  information  about  the  parent  neutral (s)  may  also 
be  obtained,  a technique  known  as  phase  spectrometry.^ 

Phase  spectrometry  is  a form  of  time-of-flight  beam  analysis. 

Since  neutrals  of  different  masses  coming  from  a source  at  a given 
temperature  have  different  velocities,  they  will  have  different  times 
of  flight  in  traversing  the  distance  between  the  modulator  and  the 
ionization  region.  Hence  the  signal  phase  of  an  ion  formed  by  a simple 
ionization  of  a neutral  will  be  different  from  the  phase  of  the  same 
ion  formed  by  dissociative  ionization  of  a more  complex  neutral.  The 
phase  of  a particular  ion  signal  depends  on  the  total  time  of  flight, 
i.e.,  the  neutrals'  flight  time  from  the  modulator  to  the  ionization 
region  plus  the  ions'  time  from  the  ionization  region  to  the  detector. 
Although  the  phase  is  not  quite  a linear  function  of  the  time  of  flight 

i? 

characteristic  of  a molecule  with  the  mean  velocity,  it  can  be  calculated 
using  the  path  lengths,  the  source  ten oerature  and  the  ion  energy. 

The  ion  signals  are  treated  as  two  dimensional  vectors  characterized 
by  an  amplitude  and  a phase.  The  expected  phases  of  0._,  from  0^,  Op 
from  0^  and  Op,  and  0*  from  0^,  Op  and  0 are  calculated  and  compared  with 
the  observed  signal  phases.  In  principle,  the  observed  signal  vector  of 
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an  ion  can  be  resolved  into  components  along  the  possible  source  phase 
axes.  This  information , together  with  the  relative  cr-'ss  sections  for 
the  various  ionization  reactions,  yields  a complete  description  of  the 
neutrals  present  in  the  beam. 

In  practice,  the  requirement  that  the  ozone  beam  path  length 
be  kept  short  to  maximize  the  beam  intensity  in  the  interaction  region 
leads  to  the  situation  that  the  uncertainty  of  a phase  measurement, 
typically  + 1-2°,  is  10-20%  of  the  phase  difference  to  be  detected.  The 
observed  signal  phases  indicate  that  there  are  probably  small  amounts 
of  02  in  the  ozone  beam,  but  without  increased  phase  separation 
and  knowledge  of  the  relative  ionization  cross  sections,  it  is  difficult 
to  make  estimates  of  the  impurity  concentrations. 

III.  Procedure 

Absolute  cross  sections  are  obtained  by  comparing  the  product  ion 

current  with  the  product  ion  current  for  a similar  reaction  whose  absolute 

cross  section  has  been  carefully  measured  in  another  apparatus.  The 
3 4 

uranium  and  thorium  associative  ionization  reactions  with  oxygen, 

M + 0,,  + M02+  + e (9) 

-172  -172 

whose  cross  sections  are  (1.68  ± 0.27)  x 10  cm  and  1.5  x 10  ' cm 

: • 

respectively,  are  used  as  the  calibration  reactions.  The  effective 
associative  ionization  cross  section  is  proportional  to  the  resultant  ion 
current  divided  by  the  product  oF  the  ion  currents  produced  hy  electron 
impact  ionization  of  the  neutral  reactant  beams. 
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In  practice  an  oxygen  beam  is  first  generated  by  flowing  0^  through 
the  ozone  source.  The  electron  beam  is  turned  on  and  the  modulated  0^+ 
and  0 (from  dissociative  ionization)  signals  and  the  unmodulated  M signal 
are  recorded.  The  electron  beam  is  then  turned  off  and  the  modulated  HO-/ 
associative  ionization  signal  is  recorded.  The  phases  of  the  modulated 
signals  are  also  noted  for  later  consistency  checks. 

Ozone  is  then  generated  and  collected.  Using  the  collected  solid 
ozone  at  liquid  nitrogen  temperature  as  the  beam  source,  the  unmodulated 
M+  signal  and  the  modulated  ozone  signals,  0^,  O^4  and  0+,  produced  with 
the  electron  beam  on,  are  recorded.  The  electron  beam  is  then  turned  off 
and  the  observable  metal-ozone  associative  ionization  positive  ion  product 
signals  are  recorded.  Phases  of  the  modulated  signals  are  again  noted. 

This  technique  assures  reasonably  consistent  beam  overlaps  and  allows 
reliable  measurement  of  relative  cross  sections  for  the  more  intense  channels. 

By  removing  the  liquid  nitrogen  bath  from  the  ozone  collection  bulb, 
the  ozone  beam  intensity  can  be  increased,  allowing  observation  of  ion 
products  from  other  reaction  channels  having  smaller  cross  sections.  As 
the  solid  ozone  warms,  the  gas  load  presented  by  the  source  causes  the 
vacuum  system  pressure  to  rapidly  approach  the  upper  safe  operating  limit 
making  it  necessary  to  reimmerse  the  source  in  liquid  nitrogen.  This 
transient  nature  of  the  more  intense  beam  requires  a modified  data  acquisition 
technique. 
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The  quadruple  mass  filter  is  programmed  to  alternately  transmit  two 
different  masses,  switching  masses  at  one  second  intervals.  The  transmitted 
ion  signal  is  demultiplexed  and  displayed  as  two  traces  on  a chart  recorder. 

A previously  observed  ion  product  and,  at  higher  signal  gain,  the  mass 
corresponding  to  another  possible  ion  product  are  monitored  as  the  o zone 
beam  intensity  is  increased.  If  a new  product  is  observed,  the  ratio  of 
the  reaction  channel  cross  sections  is  equal  to  the  ratio  of  the  observed 
ion  signals. 

This  technique  is  also  used  to  observe  the  negative  ions,  0 and  0^~ 
which  are  produced  in  the  thorium-ozone  associative  ionization  reaction. 

A simultaneous  comparison  of  positive  and  negative  ion  yields  is  not 
possible  with  the  present  system;  however  the  metal  atom  beam  is  sufficiently 
stable  and  the  ozone  pressure  buildup  sufficiently  reproducible  that 
reasonably  accurate  results  can  be  obtained. 

IV.  Analysis 

The  observed  associative  ionization  molecular  positive  ion  signal 
is  given  by 

s3(M0i+)  = k3  q3(m.+)  i3  „3  (io) 

where  Q^(f1o/)  is  the  effective  cross  section  for  the  production  of  K0.+ 

(i  = 1,2  or  3)  in  the  M-O^  reaction.  I ^ and  n^  are,  respectively  the 
neutral  ozone  current  and  the  metal  number  density  in  the  neutral  beams. 

The  apparatus  constant,  K^,  includes  the  overall  detection  efficiency  for 
the  product  ions  and  overlap  intergral  of  the  neutral  beams.  Similarly, 
the  calibration  reaction  ion  signal  can  be  expressed  as 

S2(M°2+)  = K2  Q2(M02+)  I2  n2.  (11) 
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The  apparatus  constants  and  are  assumed  to  be  equal.  The  ion 
detection  efficiency  includes  the  efficiency  with  which  the  ions  are 
drawn  into  the  mass  filter,  the  transmission  efficiency  for  the  ions  and 
the  efficiency  of  detection  at  the  electron  multiplier.  Mass  discrimination 
effects  in  the  ion  detection  can  be  neglected  because  the  differences  in 
product  ion  masses  are  small.  Since  the  source  geometry  is  the  same  for 
the  oxygen  and  ozone  beams  and  the  metal  atom  beam  is  relatively  stable, 
the  overlap  integrals  are  approximately  equal. 

Combining  Equations  (If))  and  (11),  the  ratio  of  the  effective  cross 
section  is 

Q3(H0.  ) ^ S3(M0.  ) nj  1^  ( 12) 

02(M02+)  S2(M02+)  n3  I3 

The  first  term  is  simply  the  ratio  of  the  observed  ion  signals.  The 
second  term  is  equal  to  the  ratio  of  the  electron  impact  ionization  metal 
ion  signals  recroded  during  the  data  runs.  This  ratio  corrects  for  the 
small  drift  in  metal  beam  intensity  during  the  course  of  the  measurements. 
The  third  term  is  the  ratio  of  the  02  and  03  neutral  beam  currents  which 
can  be  expressed  in  terms  of  the  number  densities  and  mean  molecular  speeds 
as 
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By  considering  the  source  temperature  and  pressure  and  the  length  and  dia- 
meter of  room  temperature  tubing  connections  the  source  to  the  vacuum  chamber, 
it  can  be  shown  that  the  ozone  is  thermal i zed  from  liquid  nitrogen  tempera- 
ture to  room  temperature  by  the  time  it  enters  the  beam.  Thus  the  mean 
molecular  speeds  are  inversely  proportional  to  the  square  roots  of  the 
masses,  yielding 

\ 1/2 


h. I a , n n 

!3  n3  l f12  j ' 2 n3 


(14) 


When  the  ion  optics  are  optimized  for  maximum  sensitivity  to  the 
higher  mass  reaction  product  ions,  significant  mass  dependent  variations 
in  ion  transmission  may  occur  at  low  masses.  To  avoid  transmission 
factors  which  are  difficult  to  evaluate,  both  n2  and  n3  are  expressed  in 
terms  of  0^+  ion  signals.  Assuming  that  the  ozone  beam  contains  no  0^, 
the  ratio  of  the  neutral  beam  currents  becomes 


h = 1 z V°2  * ^3^2  * 

U 


(15) 


o2(o2  ) s3(o2  ) 


where  Q2(02  ) and  Q3(02  ) are  the  cross  sections  for  the  production  of 
02+  by  electron  impact  on  02  and  03,  respectively. 

Combining  Equations  (12),  (14)  and  (15),  the  expression  for  the  ratio 
of  the  effective  associative  ionization  cross  sections  reduces  to 


S3(M0.  + ) S2(M+)  S2(02+)  Q^O^) 

S9(M09+)  S9(M+)  S9(09+)  q9(o9+) 


Qo(M0.  ) 

— — = 1.2 

q2(mo2  ) 


(16) 


All  but  the  last  term  can  be  evaluated  with  the  experimental  data. 
Dissociative  ionization  cross  sections  for  ozone  are  not  presently  available. 
For  future  reference  when  this  cross  section  becomes  available,  the  electron 
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energy  was  50  eV  in  these  experiments.  The  electron  energy  for  the  ratio 

of  the  metal  ionization  cross  sections  which  appears  in  the  thorium-ozone 
4 

reaction  results  was  100  eV. 

V.  Results 

Two  uranium-ozone  and  five  thorium-ozone  associative  ionization 
reaction  channels  are  observed.  The  reaction  and  the  measured  cross 
sections  are  presented  in  Table  II.  The  quoted  cross  sections  are  based 
on  the  observations  of  the  first  reaction  product.  Because  electron 
and  neutral  products  are  not  monitored,  the  reactions  are  balanced  with 
the  most  probable  additional  products. 

The  run-to-run  scatter  in  the  data  indicates  an  experimental 
uncertainty  of  ± 30-40°'.  This  is  small  compared  with  the  estimated  errors 
associated  with  the  assumptions  made  in  the  interpretation  of  the  data. 
Assuming  equal  apparatus  constants  for  the  Op  and  0^  reactions  introduces 
no  more  than  a 5 % uncertainty.  The  most  significant  assumption  is  that 
the  ozone  beam  contains  no  Op  or  0. 

While  phase  spectroscopy  provides  some  support  for  this  assumption, 
apparatus  constraints  limit  the  sensitivity  of  this  technique.  The  sign 
and  the  magnitude  of  the  effects  of  5-10%  0 and  10-20%  Op  impurity 
concentrations  depend  on  the  reaction  product,  the  reaction  cross  section 
and  the  cross  sections  for  the  M-0  and  M-0p  reactions.  These  effects  can 
produce  changes  of  a factor  of  2-4  in  the  positive  ion  cross  sections  in 


The  thorium  negative  ion  cross  sections  are,  at  best,  order  of 
magnitude  estimates.  Since  the  negative  ion  products  are  observable 
only  in  the  transient  ozone  beam  mode,  simultaneous  comparisons  with 
positive  ion  signals  are  not  possible.  The  cross  sections  are  based 
on  comparing  the  negative  i on  signals  with  positive  ion  signals  obtained 
at  another  time.  In  addition  to  uncertainties  associated  with  transmission 
factors  for  positive  and  negative  ions  which  differ  in  mass  by  an  order 
of  magnitude,  the  run-to-run  reproducibility  of  the  transient  ozone 
beam  is  difficult  to  monitor.  A conservative  interpretation  of  the  data 
would  be  that  they  do  no  more  than  confirm  that  the  reactions  occur. 

Because  of  this  large  uncertainty,  no  attempt  has  been  made  to  subtract 
the  negative  ion  contributions  to  the  third  and  fourth  reactions. 

V I . Concl usions 

There  are  no  apparent  correlations  between  the  individual  reaction 
channel  cross  sections  and  product  ion  complexity  or  reaction  exothermicity. 

The  total  ozone  associative  ionization  cross  sections  for  both  thorium 

“16  ? 

and  uranium  are  of  order  10  cm  . These  can  be  compared  with  atomic 

-15  2 

oxygen  cross  sections  which  are  10  ' cm  and  molecular  oxygen  cross 

-17  2 

sections, 10  cm  . As  with  previous  systems  in  which  tegative  ion 
products  are  observed,  the  thorium-ozone  negative  ion  channels  appear  to 
account  for  less  than  1 of  the  total  cross  section.  The  major  negatively 
charged  associative  ionization  product  is  a free  electron. 
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TABLE  I 


REACTION  EXOTHERf  1ICITY  (eV) 


U 

Th 

n03+ 

+ 4.9 

> 1.8 

M02+  + 0 + e 

+ 3.2 

+ 1.8 

no2+  + o" 

+ 4.7 

+ 3.3 

M0+  + 02  + e 

+ 1.1 

< 1.8 

M0+  + 02" 

+ 2.6 

+ 2.3 

M0+  + 0 + 0 + e 

- 4.0 

- 3.3 

M0+  +0+0" 

- 2.5 

- 1.8 

TABLE  II 

REACTIOiJ  CROSS  SECTIONS 

2 

Cross  Section  (cm  ) 

Reaction  See  Note  1 


u 

+ °3 

-> 

U02+  + 0 + e 

2 x 

io-1G 

-> 

U0+  + 02  + e 

2 x 

10"16 

_ _-19 

Th 

+ 03 

> 

ThV  + e 

2 x 

10 

-> 

ThO?+  + 0 + e 

1 X 

io'17 

| 

-> 

ThO+  + 02  + e 

4 x 

10-16 

->• 

02"  + ThO+ 

1 X 

10-18 

* 

-> 

0“  + Th09+ 

2 x 

t— * 

0 

1 

f-J 

CO 

liote  1 

All  cross  sections  must  be  multiplied  by  the  ratio  of  the 
cross  sections  for  the  production  of  02*  by  electron  impact 
on  O3  and  02.  The  thorium  cross  sections  must  also  be 
multiplied  by  the  ratio  of  the  thorium  and  uranium  electron 
impact  ionization  cross  sections. 
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FIGURE  CAPTIOUS 


Figure  1.  Crossed  Beams  Experimental  Arrangement 
Figure  2.  Ozone  Source 
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I!  S ENERGY  RSCH  A OEV  AOMIN 

irtrfstfro  or  MEAnonARTERS  services 
I IRRARY  branch  G-0A3 
— STA^FnWGTON » TYC  20545 

otcY  attn  nnc  con  for  class  tfCh  lip 
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D A TE  I/OP/77 


nTMER  T.nVF'RNMFNT 

ALBANY  METALLURGY  RFSE  ARCH  CFNTER 

11  . STRUKt  AUrTF  MIMES 
P.O.ROX  70 

ALHANT#  Ur  9/-371 
OlcY  attn  fleanor 

ARSHIRE 

CENTRAL  INTEL!  TGFNCE  AT 7FNCY 

ATTN  j RO/ST  RM  5c,4A  HQ  BLOG 
TO  HTNGTON*  DC'  " 7N  5TTN 

0 1 C Y ATTN  NFO/OSI  - ?GAA  HQS 


DEPARTMENT  OF' COMMFROE 

national  burfau  nr  standards 


"w ATR T N G T D N • DC  20?3« 

(ALL  CORRESl  attn  sfc  offtcfr  fori 

attnk  kessler 

ATTN  GEORGE  a STNNATT 


Trrrr- 


0 1 c Y 

DtCY ATTN  J~  CrTTTPFR 

0 1 c Y ATTn  STANLEY  ARRAMDWIT7 

OlcY  ATTN  iFWTS  H GEVAnTMAN 


l 


OFFICE  of  telecommunications 

INSTITUTE  FOR'  TElECOM  SCIENCE 
ROULOER*  CO  *030? 

— o+cy — attr  t~*  srm  - 

OlcY  ATTN  Wlu  IAM  F UTLAUT 
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naTE  ?3/0?/77 


nTH[P  G n V E R N M r N 7 


DEPARTMENT  ^rr  TR5NS  P ORT  S ' T tkj 
TRANsPOPTATTr!N  PPC^  S V $ T E M C ^ N T E d 


'AMRRlOGE.  Mft  0 ? 1 4 7 

o i^y  attn  r RFRMn 


department  nr  transportation 
orrirE  nr  the  secretary 
tao-aa.i.  room  ioao?-r 
unn  7TH  STREET" S . W . 

WASHING  ION  » n.r.  ?0S  00 


01  CY  ATTN  R UNOERwnnO 


KTATB 

r,nnnARn  space  plight  pentpr 

"REENREl T • Mr  70771 
0 t C Y ATTn  A TP  HP KIN 
OirT  ATTN  S J RA'iPR 
0 1 C Y ATTN  TECuNTCAL  L I Rr  a p y 


WASHINGTON*  nr.  ?OS0S 
0 try  ATTN  R EELl  TUS 
o i r y attn  n p caneeman 
nirT  ATTN  I TC  n R WALtENRPCR  cnnr  5r, 
0 I C Y ATTN  A GESSHw 
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NASA 

f a Nr.irrnrrsT  sr  err  cfntfr 

I ANGlEY  STATinN 
HAMPTnKT.  V A 2'5TSs 

OlCY  ATTN  CWAPI  ES  SCHFxNAYOFR  MS-lfifl 


NASA 

amfs  rfsfareh  centfr 

mOEFFTT  F I F l Tj C A Q A 075 

0 1 C Y ATTN  N-?SA-T  NF I L H EARlOw 

“ BTcY  ATTn  n-?54-4  waltfr  L STaoR 

0 1 C Y ATTN  M-?5A-4  P WHTTTFN  U N f.  L ONLY 
OTTTY ATTN  N-FS^S"  T L T A FT  PflPPriFF 


national  oceanic  * atmosphfrtc  a n m t n 


DEPARTMENT  OF  commerce 
rOULdFR.  cn  snio? 

0 1 C Y ATTm  FPFn  rFHSENFFI  n 
orCT  ATTn  Fl  onw  TFRGTJ57TN 
0 1 C Y ATTN  J W POPE 


national  setence  foundation 

-tftOR'  G S TRTTT  i ~ "NTW.  

WASHINGTON.  DC  ? 0 5 5 6 

C NO  CLA5STFTFD  TO  THIS  sdoressi 
0 1 C Y ATTn  E P T n D n 
DIET  ATTN  P S 78pO[.SKY 
0 1 C Y ATTm  w 0 A 0 A m S 
R-trT  ATTN  PTM.E  STNTLAl-R  

oi  r y attn  p manka 
01ey  attn  fpeo  n whttf 
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HATE  J/07/77 


aEro-chEm  research  laroratortes*  inc 
p . n v box  i? 

PRINCETON.  N.J  OBSAO 

otty  attn-  a fonttjn 

01  C T ATTN  H PFRGAMENT 
Otcr  ATTN  WARTWFLL  F CAlCflTF 


aerooyne  rfsearcm.  inc. 

REOFORO  RESTAPfTH  PARX 

crosry  drive 

pETiriTRn  , OTTTfi"- 

OICY  ATTN  F R T F N 
TTTT ATTN  M TAM  AC 


AERDNDMY  CORPOR AT  I (IN 

— 7ty  s neil  BTPFrr 

CHAMPAIGN.  TL  6lA?n 

OTCT  ATTN  5 A “RTTWRTUL 


AEROSPACE  CORPORA T tow 
— R.0-.  ROX— 

LOS  ANGELES,  c a QOOOR 

TTtET  TtTTN  TT  CnKFN 

0 1 C Y ATTN  R J MC  NF  A L 

R-l  C Y ATTN  SIDNEY  W NASH 

oicy  attn  r grove 
thcy  attn  t wrrmoPM 

0 1 c Y ATTN  R d RAWOLTFFF 
OV^Y  ATTn  jrtLTAN  OFTNHFTMFR 

0 1 c Y ATTN  tpvtng  M garfmnkfl 

R-Tf-Y- ATTN  V ^nSFP-HSfTN 

OICY  ATTN  HARRIS  MAYER 
OICY  ATTN  T TAYLOR 


l 


0«3 


riATF  R3/0R/77 


ofpartmfnt  nr  nrrrvsr  chn  T r a c t or  s 


AVCO*EvERETT  RFSFARCW  -LABORATORY  TWO 

?3«5  RFvERF  RFACw  PARKWAY 
- — Mft  OMAR 

o t c y attm  r,FnRr,F  Sutton 

0 1 C Y ATTm  C.  W von  RnSFNRERG  JR 
0 1 C Y ATTM  TFCwmTCAL  LIBRARY 


pATTFLLF  mFmop I A|  INSTITUTF 
SOS  KING  AVFMIIF 

cOLOmRiiS  • Om  A3?0l 

OlfY  ATTM  RTCMARH  k thatcwFR 

‘ m rv  A TTK)  AT  TTY  £~r 

o l c y attm  nnNAin  j hamman 

the  TRtJSTFrs  nF 

- -nn*rrnN  trnxr/T 

thf stnijt  HU  l r ampiis 
fhf<;tiv(/t  hill.  ms  R?t 6T 

0 ? C Y ATTM  CHATRMAM  OFPT  OF  CHFM 


-rROWAT  F MG  T wrrp  T Mr,  cn«P6MY.-  TNt. 
riJMMTNr.S  BFSFARCw  park 
mUNTSVTLLE.  A i 3SR07 

0 t c Y attm  M PaSSTMO 

ATT  K)  5 fTN  A I D BTS  T R I C ^ 


CALIFORNIA  AT  RIv/FRSTnF.  IIMTy  HF 
RTvrRSTnr.  rs  R?sn? 

OtCY  ATTV  JAMFS  N PTTTF  .JR 
01  CY  ATTm  AIAM  c l l n yd 
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DM  n A TF  1/07/77 

DFP A RtMFNT  OF  DFFFNSF  CONTRACTORS 


CALIFORNIA  ST  SAM  DIF GO  * I (NT  V nF 
RUH  r, . SOO  maTTmFwS  Campus 
T17S  MIRAMAR  R 0 A n 
■|  A I (1 L L A • CA 

0 1 C Y ATTN  S C LIN 


CALIFORNIA.  ST  A TF  nF 

air  rFsourcfs  nn  a r o 
TFLSTAR  AvFmiiF 

Ft  Mrmref-  c * — Rt^n 

O 1 C Y ATTM  | FO  7 SFnNTF 
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0R3  OaTF  73/02/77 

rjFPARTMFNT  nr  nFFF  N *>F  CONTRACTORS 


CALSpAN  CORPORATION 
P.O.  BOX  23S 

nurruLO.  NT  IA721 

0 l C V ATTN  R HR r R T A FLUFGGF 
OTCT  ATTN  M G OIINN 
0 I C Y ATTN  W W 1 1 R S T F R 
0 1 C T ATTN  C t TRFANOR 

o i c t attn  g c \/ a u . f y 


COLORADO.  IIMTvFRSTTY  OF 
CIFF  t CE  OF  CONTRACTS  ANO  GRANTS 
“TftO-  6 nwTNT S T R A TTV/F"  AM VFT 
ROOLOER*  CO  «0307 

OIcV  ATTN  JFFCRFY  R PFARCF  LAsp 

0 1 c Y ATTn  c LTNFRFRC,ER  j I l a 
0 1 C Y attn  a PwFIPS  JTLA 

0 1 C Y ATTN  C RFATY  .JTLA 

— YTT cT ATTN-  C hAo|TS^I“^s rTh  C A 5 p 


COLUMBIA  JJNTvFRSTTY.  TmF  triistfEs 

-TN— Twf - c-f t -y  nr  nr^-ynirr 

l A MCIN  T OOHF  RT  Y C,FnLOC,TCAL 
nRSFR V A TORY  - TOBpry  Cl  IFF 
PALTSAOES.  nY  lRnsa 
0 1 C Y ATTN  R PmFLAN 


COLHMR I A UNT\/FPSTTY#  TmE  TRMSTFES  OF 
CITY  OF  NEW  YflRK 
1 1 iSTh  STREFT  a RpdADwA  Y 
new  YORK  i -*nr  t oo?*  - 

OlCY  attn  sfc  OFFTCFR  H M fol  f y 
OtCY  ATTN  RTCMARn  N 7ARF 
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oatf  i/op/tt 


concord  scifncfs 

p^n.  nnrng 

CONCORD.  M A 0170? 

OTT? A'TTM  PMHrtT  A 5 M T T H Kl 


nENVFR*  IJNIvrpSITY  OF 

C fl  L 0 R A TTO'~S  F M T M a R V 

nENVFR  REsEapcm  INSTITUTE 
P.n.  BOX  101 7T- 
nENVFR.  cn  AO?lo 

TTTNlY  1 COPY  OF  CI.JTSS  R*T5 ) 

0 l C Y A T Tm  SFC  OFFICER  FOR  MR  VAN  7YI. 

<TTTY ATTB^SFC  OFF  T C FR  FOR  OAVTO  MURCRAV 


rv 


FCOMETRICS.  INC. 

‘71*  wT LLDw  oITn  rOaD 
SANTA  RARHARA.  CA  03105 

01 CY  ATTN  NYLF'TT  MTTERRACK 


FPSIlON  LAPOPATOOTFS.  INC. 
s pprsTON  court 

HEOFORO*  MA  01730 

01 CY  ATTN  JOHN  TTAUCHTNFS 
0 1 C Y ATTN  WFNRY  MTRANDA 
01  C Y A-T  TN  C-ABl — ftCCAROO 


F SL  > INC. 


BBT -Vf- 


SUNNYVALE.  0»  OAOAi A 

MfY  ATTn  .(AWm  MAR^MALt: 
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HMaB 


TFMPfTCENTFp  rPP  APVAMCEf)  STlipTES 
*trt  rT  A TE  RTRFFT  fp.n.  PPAWFr  00) 
SAMTa  RARRAPA.  CA  9310? 

otcr  attv  nASTA r apt  ffpyok 

OlCY  ATTN  TTM  STfPHFVS 

— oi  cy — ftTT*r-nnM--c*AwntF-w — 

OtCY  A T T N WAPPFN)  s X-NAPP 

OtCY  ATTM  P GAMPTI  L 
Olrv  ATTN  past  at 


OtCY 
01  c Y 


GENERAL  MPTPPP  CPPPOPA T T ON 
PELCP  ELECTRONIC^  PIvTGION 
R AMT  A PARRApA  OPERATIONS 
<S  7 ft  7 HOLLISTER  AwFMIIF 

r.m.FT-fr  r-fff  P-tTVTT 

OlCY  ATTN  PORTN  I PRl^TTH 
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7>T3  DATE  i/0?/77 

ofpaptmfnT  nr  oEfEnSf  contractors 


GENFRAL  RESFAPCH  CORPORATION 

p.n.  box  3Srt 

SANTA  BARBARA,  CA  B3105 
0 1 cY  S7Yn~ H H l F w T~*5 
0 1 C Y ATTN  JOHN  TSF  |P 


GENERAL"  RE  ST5T}-fU  fTTPonP ATTHN  ~ 

WASHINGTON  OPFRATTONS 

wTSTC.ATE  RESEARCH  pARk 

7655  OLO  SPPTNGHnnSF  ROAO*  SUITE  700 

mCTLEaTJ*  VA  9P101 

0 1 C Y ATTN  THOMAS  m ZAKR7FWSKI 


GEHPMYSIC  A|_  TNSTTT1ITF 
UNIVERSITY  OF  ALASKA 
TATPRATIKS#  av  prtot — 


(ALL  CLASS  ATTNI  SECURITY  OFFICER) 


« 

0 1 C Y 

ATTn 

HFNRY  COLE 

’ 

0 I C Y 

ATTn 

R papthasarathy 

"THTT 

ATTN 

MEAi  BROWN  ujncl 

01  CY 

ATTn 

R J WATKINS 

01  CT 

ATTN" 

T N OAVTS  (UNCI  0NLv1 

s 

0 1 C Y 

ATTn 

J S WAGNER  PHYSTCS  OEPT 

t 

~ OTCY 

ATTN 

I)  J RPNOERSON 

« 

- 

GOVT  fiscal  relations  ».  patent  off 

— 7-E5  AflMIN  BttTtniVG  A0«70 
UNIVERSITY  OF  WASHINGTON 
^TATTLE  WA  PR  I PS 

OlfY  ATTn  KFNNFTH  C CLARK 
imrr ATTN'  R GrRACTT 
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DEPARTMENT  nr  DEEENSE  CONTRACTORS 


HARVARD  UNI VEffSTTY 

DEPARTMENT  nr  ATMOSPHERIC  SCIENCES 

PIERCE  hall 

CAMRRIDGE.  MA  02138 

OTCY  ATT N MTCmATL  R MCELROY 


HOWARD  UNIVERSITY  

~ nTP ArTMENT^f  chfmTSYry 
WASHINGTON,  nr  9005R  ___ 

OIcY  ATTN  W t LI  T AM  JACKS ON 


HSS  • INC. 

9 ALFRED  CIRCLE 
REnEORO.  Ma  01730 



0 1 C"Y ATTm  h StEWTrT 

0 1 C Y ATTm  M P SHULER 
01 CT  ATTN  DONALD  HANSEN 


TIT  RESEARCH  INSTITUTE 
10  WEST  3DTM  STRFTT 
CHICAGO*  IL  80818 

01 CY  ATTN  TECHNICAL  LTftRARY 


INSTITUTE  FOR  OEFENSF  ANAlySFS 

aoo  army-navy  drtvE 

ARLINGTON.  V A 92902 

rrtxT ATTN  FRNTST  PMIH? 

0 1 C Y ATTN  HANS  WOLPHARO 
01CY  ' ATTN  JOE I PFNGSTON 
01 CY  ATTN  PHli  TP  A SELWYN 
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rjFPSRTMTNT  nr  OFFFNSF  rnNTRiCTnRS 


trt  corpor at  ton 

“PTTT.  BOX  RIT1R7" 

SAN  OlEGO.  c.  A R213R 

— rrnrr — attn  n a vprrr™ 

01 CY  ATTN  J A RilTwFRFORO 
OIcY  ATTN  R H NFYNARFR 


lAYCHR 

i ror  cawtw  tifl  msp” 
nEL  mar.  ca  R?01 n 
01 cY  Attn  m r lfvtnf 


1 0 H N S HOPKINS  IINTVFRSTTY 
SPPtTEO  PHYSTCS~  I AROR STORY 

jOhns  hopktns  roao 
~ in TTRFE““Trrr  k i o 

OlcY  ATTN  nOCHMPNT  lIRRARTAN 


TJ-fTMNS  HnPKTNS'  MNT’VFP-STT  Y 

oath  A CHARlFS  strffts 

PAtTlMflRF,  Mn 

0 1 C Y ATTN  jOYrF  .J  KAUFMAN 


yAmAn  sciences  corporation 

P,  n,  ROX  7A#>3 

colora  oo  springs.  cn  so<»33 

0 1 f Y ATTN  FRANK  H SHFLTnN 

— -o-trr  *attn  r j RTTTirrtr-  — 
0 1 C Y ATTN  p jfssom 
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naTF  93/09/77 


nrP artmfnt  nr  nrrrNSr  contractors 


Kf-NY-  STATE  H*M-n£#$4TY— 

nFPT  nr  chfmtstrv 
— Ktnr  -&t aa?a? 

o i c v attn  w c rr rnfl ins 


i nr KHtFO  h t ss  t iTs  ano  s^ac*-  company 
32*5 1 HANOVFR  STPrrT 

PAin  ALTO.  CA  <Jiir(JTT 

OtCY  ATTN  RTL!  Y M MCCORMAC  OFPT 
nirY  ATTn  MARTIN  WALT  nFPT  52-Tfl 

01CY  ATTN  RTCMAPn  G JOHNSON  DFPT  S2-12 
O-HTY-  ~Ar T T N TOM  JAM^S 

0 1 C Y ATTN  ROBERT  C RIINTON  nFPT  *52-14 
OlcY^  ATTN  rOrcrT  0 SFAOS  nfPT  S2-T5" 

0 1 C Y ATTN  J B RFARAN  0/S2-1? 

01  CY  AT  TN  JO H M ' W U MpR 

0 1 C Y ATTN  inHW  L KHLANOrP  nrPT  *59-10 


i &wC Hr>  untv^^ity  nr 

f F N T r R rOR  ATmOSPHORTC  RFSPARCW 

- a so  a i Ktft  sTprrT 

I OWFU  * MA  01  R5a 

01  CY  ATTN  G~T  TirST 


MARYLAND*  UNTvFRSTTY  OF 
AOMTnISTR  A TTnN  RTlTT.TTTN  R 
cnn.FGF  park*  md  ?io3o 

oity  attn  nrPT  nr  physics  h gr  tfn 
o i c y attn  j VANnFRSLTCF  ChFm  nrPT 

<H-rr  • rort-rt  j ncrr-nrrprw 

OICY  ATTN  T J RnSFNRFRf, 


MAXHELL  LABORATORIES.  TNC. 
97A0  BALBOA  AvENuE 
SAM  nIEGO.  C A 92121 
— rrm ATTN  v'TCTITR  "TTP  GTT- 


mcoonnell  nmiGi  as  corporation 

S101  B 1*1  L S A H7FTOT 

HUNTINGTON  RTACH.  r A 92647 

otcr  attn  a n nnmFtft 

OlCY  ATTkj  W T L ! TAM  ni  SEN 
OTC  Y ATTN  j MnuLE 


m I n *iEST  research  INSTITUTE 
\y D L k E r r n i i l E \/ a r n 
KANSAS  CITY,  mo  Ail  1 1 0 

fH-fT — ATTn  -fnrrsTrS"  sec  eranjc  T~  oTEE^jE 

0 1 c Y ATTN  pwyslr.s  SEC  ThOmAS  h mtlne 


2010  UNIVERSITY  a v E M 1 1 E • S.E, 
MINNEAPOLIS.^  mn  SSAia 

(NO  CLASSTETEO  TO  TmTS  AnORESS) 
01EY  ATTN  J R WINKLE* 


MINNESOTA.  UNIVERSITY  HE 
MORRIS  CAMRiiS 
MORRIS*  MN  S6?6  7 
-ATTn  Mf  Pi  f-  -m-TR-SC 
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OFPARTMFNT  OF  OFFFNSF  CONTRACTORS 


mTTSI ON  RFSFapC H c opp orAT TON 
73S  STATE  STpFFT 

STTNTZ  "RAPP  APA  T Ci  ' m 
OtCY  ATTN  n a VF  S D W l F 
0 1 C Y ATTm  RALPH  Kfl_fl 
OtCY  ATTN  w F rRF\»TFR_ 

0 1 C Y ATTN  CONPAn  I.  L ONGm  I DF 

OlCY  ATTn  WF  A I I rARRON 
— O-frT ATT  V P ’HF'NTlPTC'X" 

OlCY  ATTN  R N WTLS0N 

01  CY  ATTn  R~  RnT.USCH 
01  C Y ATTN  m schf  tpf 
nicY  ATTn  n ArchFP 
OlCY  ATTN  n sappfnf  TFLO 

— m zt — att1  p tttc  orp- 


mITPF  CORPORATION.  TmF 
p.t. -orr*  -?<r* 

pEDFORD*  MA  01730 

0 1 C Y ATTN  $ A MOP  N V/S 
0 1 C Y ATTN  J N FREFOM AN 


NATIONAL  ACAOFmy  nr  SCTFNCrS 

ATTNi  NATIONAL  mATFpT  a L S ADVISORY  ROAfln 

7 1 Ot  CONST  T TllT  T ON  Ai/^NIlF 

WASHINGTON.  OC  70A1A  

0 1 C Y ATTn  I P STFvFRS 
OtCY  ATTN  wTLl  TAM  r RAPTIFy 


PENNSYL  van!  A $ T A T F UNTvERSTTY 
TNnuS^RlAl  '^rci f R TTY  rrr n c t 
pnn m 5.  olo  MarN  ruilotng 


PHYSTCAL  DYNAMICS  TNT. 

p.o.  f»nx  io*q 

RERKFLEY.  CA  PATfll 

nirY  attn  a TunMP^riKi 

0 1 C Y ATTN  JOSFPM  R WORKMAN 
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PATF  ?3/0?/77 


DfPARTwrNT  Dr  OFFFMSF  contractors  


PHYSICAL  SCTFNCrs.  Tmc. 
■>o  cdmmfrcf  »i a y 
— wTTRTTRr*r.''P'fi  “O'lffni 

01CY  ATTM  KitPT  hRaY 
niCY  ATTM  P L T A Y l OR 


PHYSICS  IMTFPNATTTMAI  COMPANY 

?7on  MFRcrn  st»fft 
SAM  lFANDRO.  r«  0 A s 7 ▼ 

0 1 r Y ATTM  one  CHN  rpR  Trcu  l I d 


PITTSBURGH*  UNIVERSITY  OF 

OF  ThF  C H m w l T m S v S nr  uTr.HFR  FPUf 

fAThFORAL  nr  | F a p m t n r, 

— PITTSBURGH.  p~a  I*?T? 

01C.Y  ATTM  WAOF  I.  F I TF 
01 CY  ATTM  MANFRFn  A RlOMni 
0 1 C Y ATTM  FRFnFRICK  KAUFMAN 
0 1 c Y ATTM  F f>  W 8 R H GFRJUOY 


PPlNcFTflN  tIMTv*  ThF  TPiiSTFFS  OF 
pORRFSTAL  campus  lTroary 
p n Y 710 

PR  T“MCf  YTW  -nMTT/FRST'Pr- 
PRINCETON.  M.)  OflSAO 

OISF  P.n.  RHy  36  FOR  UNOl  4 S S T F TFn  hmIy! 
01 C Y ATTM  ARNTI  n | KFLLY 
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0 ATE  J/S?/TT 


OFPiRYMFNT  nr  OFFFKlsr  cnNTRa'CfTlRS 


PRO  ASSOCTATFS 
P.n.  BOX 

MARINA  OFL  RFy  CA  R0?9l 

01  cY  atYn  r p torch 

0 1 (“  Y ATTN  PICwARn  LATTFR 

?51CY  ATTN  RORFRT  F l.tLEVlFR 
0 1 C Y ATTN  n nrF 

01  CY  ATTN  R G LTNOGRFN 

0 1 C Y ATTN  CMARLFS  H HUMPHRFY 

OTTT ATT  K|  PRY  A kj  T,  A ffTTTTR'n 

0 1 C Y ATTN  H A 1RV 

T)I(TT“  ATTN  F0RPFST  GTLMORF 

0 1 C Y ATTN  ALBFRT  | LATTFR 


P R D ASSOCTATFS 
IBIS  N.  FT.  m y F R nRIvF 
1 I TH  FLOOR 

ARLINGTON.  VA  ? ? ? 0 9 

TTTCY  XTTN'  -mITRpTRT  j mitcwfll 

0 1 C Y ATTN  .1  W ROSrNGRFN 


— CORPHRaTTiTN-^  TTTP 

1700  MAIN  STRFFT 
^ ant  a wciNTra.  ra  poqo* 

01  CY  ATTN  culi  fm  train 


PICF  ttNIVFRBTTY 

nF p A r T mE N T OF  s P A r F scIFNc*" 

unttSTONi  Ty  77  0S» 

0 1 f Y ATTN  R 0 N A l 0 F STFRPTNGS 
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n a t f ?3/o?/r7 


nrPARTMfMT  nr  nrrpNsr  contractors 


pTCF  U NTVEPSTTY.  wTHTAM  MARSH 

p.n,  BOX  ?69?  

ffmrsTfrw*  tv  " 7tvwt~ 
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